Ultraviolet spectra of a Tau obtained with the Goddard High Resolution Spectrograph (GHRS) on the Hubble Space Telescope show clusters of CO emission lines which are excited by the O i (uv2) multiplet near 1304 A Ê . Identifications of these fluorescent lines and their pumping routes are presented. The absolute intensities of the CO lines and their ratios cannot be explained by the one-dimensional chromospheric model based on collisionally excited lines. The excitation temperature of the CO is found to be only .2000 K, lower than that of the minimum value in the chromospheric model. The CO line intensities are used to deduce the O i radiation field, linewidths and opacity where the CO is pumped. The low opacity deduced implies that the O i radiation and CO molecules must be in close proximity, implying a two-component atmosphere. Although a combination of regions of traditional chromosphere' within a cool radiative equilibrium atmosphere cannot yet be excluded, the uv spectrum could instead be accounted for, in principle, by shocks within such a cool atmosphere.
I N T R O D U C T I O N
In a previous paper (McMurry 1999 , hereafter Paper I), a new model of the chromosphere and transition region of a Tau (K5 III) was described. This model was developed to fit the fluxes and profiles of collisionally excited emission lines observed in ultraviolet (uv) spectra obtained with the Goddard High Resolution Spectrograph (GHRS) in the guest observer programmes GO 5358 and 6722 (Principal Investigator: Carpenter) . The O i resonance lines, which arise from decays from a higher level excited by H Lyb, were also included. In addition to the usual chromospheric lines, the spectra obtained also contain many fluorescent lines; e.g. lines of Fe ii and H 2 , excited by H Lya, and lines of Ca ii formed by recombination following photoionization by H Lya. The identifications of these lines were made in McMurry, Jordan & Carpenter (1999, hereafter Paper II) . The chromospheric model derived in Paper I was used to predict the fluxes in these fluorescent lines. The predicted fluxes of the lines of Fe ii and Ca ii tend to be too small, but agree with those observed to within a factor of 2. However, the flux predicted in the lines of H 2 (excluding a photospheric component which does not produce selective fluorescence), is too small by several orders of magnitude. Also, the individual lines of Fe ii show that the profile of the H Lyman a line where the pumping occurs is narrower than that predicted by the model. The total flux in the O i resonance lines (see fig. 1a of Paper I) predicted by the model is also too small by a factor of 2.5. Together, these results show that the fluorescent lines cannot be accounted for in the chromospheric model derived from the collisionally excited lines, and that a cooler component has to be present to account for the H 2 lines.
Other fluorescent lines observed in spectra of a Tau obtained with IUE have been modelled by Judge (1988) [S i (uv2) , which results from H Lyman a excitation] and Harper (1990) [Fe i (uv44) , excited by Mg ii]. Both find agreement between observed and model fluxes to within a factor of 3. However, further atomic data are needed for S i to make more detailed comparisons and the Mg ii/Fe i fluorescence depends sensitively on the rates that determine the Fe i/Fe ii number density ratio.
In addition to the further fluorescent lines of H 2 , Fe ii and Cr ii (McMurry et al. 1998) , the spectra obtained in GO 6722 (in which we are CoIs) also contain clusters of fluorescent lines of CO, pumped by the O i (uv2) multiplet around 1304 A Ê , which is itself formed by decays from levels excited by H Lyman b radiation (Haisch et al. 1977) . This pumping route for the uv fluorescent lines of CO was suggested by Ayres, Moos & Linsky (1981) to explain emission features seen in low resolution spectra of a Boo (K2 III), obtained with the International Ultraviolet Explorer (IUE). Ayres et al. (1986) later obtained high-resolution spectra of a Boo using IUE, which confirmed groups of individual lines that matched possible CO transitions, but because of the low fluxes and possible blending, individual transitions could not be identified uniquely. Ayres (1986) made an initial analysis of the data available for a Boo and some comparisons with his results are given in Sections 3 and 4. A preliminary report on the identifications of the CO lines in a Tau, observed with the higher resolution and sensitivity of the GHRS, was given in McMurry et al. (1998) . The identifications are discussed further in Section 2.
The infrared absorption-line spectrum of CO was observed in a Boo by Heasley et al. (1978) and in the Sun by Ayres & Testerman (1981) . These authors found that the CO absorption lines could not be accounted for by the normal one-component chromospheric models. Wiedemann et al. (1994) explored this further by developing radiative equilibrium models for several stars including a Tau based on the infrared spectra. These models are fundamentally different from chromospheric models in that they are essentially an extension of the photosphere and have a temperature that steadily decreases with increasing height, rather than a temperature inversion into a chromosphere. Thus, since the collisionally excited lines require temperatures greater than a few thousand degrees, this work provided evidence of (at least) a twocomponent atmosphere.
The uv fluorescent lines of CO are more complex than the infrared absorption-line spectrum, because their fluxes depend not only on the CO number densities but also on the incident O i resonance line radiation field formed at higher temperatures. However, as we show in this paper, this complexity allows the fluorescent lines to be used in a new and unique way to demonstrate the presence of spatial inhomogeneities in the outer atmosphere of a Tau.
Cool giants such as a Tau are unlikely to have a significant surface magnetic flux and their chromospheres are thought to be heated by acoustic shocks (Buchholz, Ulmschneider & Cuntz 1998; Ulmschneider 1999) . If this is the case then the actual chromosphere may be better described in terms of a cool background atmosphere plus spatially restricted areas in which shocks are occurring. Although these could on principle account for the fluxes of the collisionally excited lines, including the weak C iv emission discovered by Carpenter, Robinson & Judge (1994) , such lines can be described in terms of an equivalent chromospheric and transition region model and by themselves cannot be used to deduce the presence of inhomogeneities.
In Section 3 the fluxes in the uv fluorescent lines of CO are calculated using the model developed in Paper I. As this model does not reproduce the observed spectrum, in Section 4 the observed line fluxes are analysed directly and are used to calculate the properties of the region where they are formed. In Section 5 the evidence for shocks within a cool atmosphere is discussed and the conclusions are summarized in Section 6.
I D E N T I F I C AT I O N O F C O L I N E S
The exposures obtained in the wavelength region below 1671 A Ê are listed in Table 1 . The three sections of the spectrum in which the fluorescent lines of CO lines are identified are shown in Fig. 1 . The CO lines are from the 4th positive system X 2 A and are pumped by the three O i (uv2) lines centred on 1302.17, 1304.86 and 1306.03 A Ê . All CO wavelengths used here are taken from Kurucz (1993) .
A systematic search has been carried out for fluorescence resulting from pumping in the 513 lines of CO between 1301 and 1307 A Ê . In this wavelength range, 437 upper levels of CO could be q 2000 RAS, MNRAS 313, 423±432 excited by radiative excitation through these lines, resulting in over 5000 fluorescent lines. However, to produce the observed fluorescent lines the pumped transition (the source line) needs to overlap closely with a line of the O i (uv2) multiplet. There are 115 lines of CO within^0.2 A Ê of the line centre of an O i line. Some of these lines have low A-values and fluorescent lines are observed only if the pumped line has A . 6 Â 10 5 s 21 X Although pumping is in principle possible from relatively high vibrational and/or rotational states the analysis in Section 4 shows that the excitation temperature is around 2000 K, and that only the low vibrational states have a significant population. Some of the possible pump routes lie too far into the wings of the O i lines to produce observable fluorescence, and the CO transitions closest to the line centres are observed to produce stronger fluorescent lines than those in the wings. (Kurucz 1976) and are too weak to be detectable. From Fig. 1 it can be seen that the grouping of the lines between 1333 and 1344 A Ê reflects the spacing of the O i lines that cause the pumping.
The details of the lines definitely identified as resulting from CO are given in Table 3 . The rotational quantum number, J, can only change by^1 or 0. Owing to the L-doubling of the levels of the A 1 P state, molecules that have been excited in a transition with DJ ^1 (labelled R and P, respectively) can only decay in a transition with DJ ^1Y and an excitation with DJ 0 (labelled Q) must be followed by a decay with DJ 0X Thus for each level radiatively excited by O i there is one`Q' line or à P' and an`R' line in each group of observed lines. For each of the groups of lines with a common upper level, the lines in the different clusters are distinguished by having a different Dv.
The line identifications are regarded as satisfactory if more than one transition with the same upper level is observed. Calibration spectra were obtained and the stellar spectra were averaged over offset pixel positions. Under these circumstances the absolute wavelength accuracy is expected to be .0.2 pixels or 0.01 A Ê . The majority of the lines identified in Table 3 have wavelengths that agree with those of Kurucz (1993) to within^0.02 A Ê . The measured wavelengths will be affected by the presence of many weaker transitions, and some lines are clearly possibly blends of more than q 2000 RAS, MNRAS 313, 423±432 Table 4 gives the five strongest lines of CO expected in the wavelength region between 1419 and 1424 A Ê , which was not observed with the GHRS, but which should be observable in spectra of similar cool giants to be observed with the STIS.
q 2000 RAS, MNRAS 313, 423±432 Table 3 . Lines observed, including those definitely identified as resulting from CO. Lines marked with à *' consist of a single transition, which is from an upper level with only one pumping route. Lines marked with a`1' are expected to dominate the blend in which they occur. Lines marked with an`M' are masked by blends with lines of other species. 
F L U X E S P R E D I C T E D B Y T H E C H R O M O S P H E R I C M O D E L
The number of CO lines that would have to be included in a full radiative transfer calculation is prohibitively large, so a simpler approach is used instead. The CO lines are assumed to be effectively optically thin, so that a particular photoexcited upper level of CO decays only by radiation and all the photons emitted are assumed to escape from the atmosphere without reabsorption. It is assumed that the A 1 P levels are populated solely by radiative excitation by the O i (uv2) lines from the X 1 S 1 levels, which are assumed to have Boltzmann populations at the local electron temperature. With these assumptions, the uv CO radiation from any point in the atmosphere depends on the CO number density, the electron temperature and the O i (uv2) radiation field. The stellar surface fluxes are found from the fluxes at the Earth using the stellar angular diameter given in table 1 of Paper I. All the molecular data used for CO are from Kurucz (1976) .
Initially the chromospheric model of Paper I was adopted, as for the predictions of the H 2 fluxes in Paper II. Using this model, the O i (uv2) radiation field was calculated as a function of temperature and depth in the atmosphere including a full radiative transfer treatment. The CO number density was calculated using an approximation by Kurucz (1970) based on the Saha equation (also used in molecular population computations by Wiedemann et al. 1994) :
The predicted fluxes in the uv CO lines which are observed are several orders of magnitude too small, as was also found for H 2 in Paper II. The fluxes predicted for the observed lines are summarized in Table 5 , which also includes all lines for which the predicted flux is >10 215 erg cm 22 s 21 Hz 21 . The most obvious explanation for the low predicted fluxes is that the region of overlap between the regions where there is significant O i (uv2) radiation and a significant CO population is too small in this one-dimensional model. Thus one requires (at least) a two-component atmosphere in which the CO molecules are in closer proximity to the O i radiation field.
From Table 5 it can be seen that not only is there a difference between the overall predicted and observed CO fluxes, but also the CO lines that are predicted to be strongest from the model are not the strongest observed. Many of the strongest predicted lines arise from higher X v states than do those which are observed to be strongest. This shows that the temperature where the CO lines are formed is too high in the model. In the real atmosphere the CO must be at a lower temperature where only the low v states have a significant population and there must be more of this cooler CO where the pumping by O i occurs than in the model. This is another strong indication that the true atmospheric geometry is not that of a one-dimensional homogeneous chromosphere. Ayres (1986) estimated that in a Boo the CO fluorescence might occur in a narrow layer in a one-component chromosphere, although he pointed out that the origin of the emission would also depend on the presence of the inhomogeneities detected from the infrared CO absorption lines.
M O D E L L I N G D I R E C T LY F R O M T H E C O L I N E S
The focus of the modelling was therefore changed from using the chromospheric model to using the observed CO lines directly to establish the atmospheric conditions in the region where they are formed. Assuming a single temperature in the region of formation, the unknown quantities are this temperature, the O i (uv2) fluxes and line profiles and the CO number density. The number density does not alter the relative fluxes of the CO lines and cannot be found separately from the total intensity of the O i (uv2) lines. The most important quantities that can be determined are therefore the temperature and the relative intensities and profiles of the O i (uv2) lines.
In Table 3 , the lines marked with an asterisk are those which are not part of a blend and which are pumped from only one lower level. These lines can be used to measure conditions in the region of formation as follows.
By comparing lines pumped from lower levels with different energies, the excitation temperature of the region of line formation can be found. From Paper II, equation (7), the flux in a fluorescent transition u 3 l is given by where a ul A ul a s A us is the branching ratio, the sum over s being a sum over all the lower levels with transitions from the level u. A ul is the Einstein A coefficient and l ul is the wavelength of the transition u 3 lX g u is the statistical weight and n u is the number density of the upper level u. I us is the intensity of the pumping radiation from a lower level s at the wavelength corresponding to the u 3 s transition. The integral is over the thickness of the region in which the lines are formed. Assuming that there is only one lower source level s from which the upper level u is pumped, and that each source level has a Boltzmann population, equation (2) leads to
where n CO is the number density of CO, Z CO is the partition function for CO and E s is the excitation energy of the level from which pumping occurs. I O is the line centre intensity of the O i 1302.17-A Ê line, and i us is the intensity of the O i radiation at the wavelength of the us transition, relative to the line centre intensity of the O i 1302.17-A Ê line. Dz is the thickness of the region in the line of sight over which the CO line is formed. x uls , which includes all the molecular data, is defined as
The values of x uls are given in three-dimensional space over which the CO line fluxes also depend on the temperature.
The temperature in the CO line-formation region
To determine the temperature, for given width and relative intensities of the O i lines, log 10 [F ul /(x uls i us )] is plotted against E s , the energy of the level from which pumping occurs. The points used are calculated with the sum of the F ul and x uls values for all lines with a common upper level, in order to reduce the effects of CO line opacity on the results (see also Section 4.2). The gradient of a straight line fitted to these points is 20.432hc/kT when E s is in units of cm
21
. The line-independent terms in equation (3) affect all the absolute ordinates of the data points by the same factor but not the gradient of the line fitted to them.
Using the single lines in Table 3 for which only one pump route exists (those marked with an asterisk), the best fit occurs when the O i lines have a width of 0.30 A Ê and are in a ratio of 1:1.05:0.5. The gradient of the linear fit corresponds to a temperature of 2100 K, and the rms value of the fit is 0.435. This rms value is a proportional deviation of the observed fluxes from those predicted by the model.
The lines marked with a`1' in Table 3 are expected to dominate the potential blend. The temperature was also derived including these lines, assuming that all the observed flux in the blend is caused by the marked line. This changes the temperature of the best fit to 2015 K, the width of the O i lines to 0.26 A Ê and their intensity ratio to 1:1.13:0.65. (The rms value of this fit is 0.386.) A plot of the data points and this linear fit is shown in Fig. 2 .
This temperature is well below the minimum value of 2700K in the chromospheric model of a Tau based on the collisionally excited lines (see Paper I). It is also below the lowest temperature derived by Wiedemann et al. (1994) , who developed radiative equilibrium models to fit the infrared CO absorption bands. The temperature in the outer layers of radiative equilibrium models is roughly constant, and is described as the stellar boundary temperature. For consistency between different stars Wiedemann et al. (1994) define the value of T boundary as the temperature at optical depth unity in the strongest CO absorption line as formed in their empirical model. For a Tau the boundary temperature is 2330 K. This boundary temperature depends on the model used and assumes that the CO infrared absorption is formed in regions with atmospheric conditions extrapolated from the photosphere, and which have no chromospheric temperature increase. However, the mean value of the temperatures from the infrared and ultraviolet CO lines is 2170^160 K, which can be considered as reasonable agreement given the simple O i profile and isothermal approximation used above. In a Boo, Ayres (1986) found conflicting evidence for the CO fluorescent lines which suggested temperatures of <2000 and <4000 K.
Opacities and path lengths
The ratios of the O i (uv2) lines derived above (1.5:1.7:1) can be used to find the optical depth of the 1306-A Ê line, using the probability of escape method applied to a plane parallel atmosphere and Gaussian line profiles (Jordan 1967) . For two lines with a common upper level, the ratio of the fluxes F 1 and F 2 is given by
where q is the probability of escape, which can be approximated by q 1 2 erf lnt p 6 for t > 1X5 and q exp20X675t 7 for t < 1X5 (Irons 1979) . These two approximations give the same value of q when t 1X5Y but have a different gradient with t at this point, leading to small kinks in Fig. 3 (Bell & Hibbert 1990) . As the f values and wavelengths of the three lines are all very similar, the ratios of the q values are given by the ratio of the statistical weights of the lower levels and the relative fluxes deduced above (1:1.13:0.65). Thus the ratio is 0.531 for the 1302-and 1305-A Ê line pair and 0.308 for the 1302-and 1306-A Ê line pair. The theoretical values shown in Fig. 3 then lead to t 1302X17 2X0X As t is proportional to the statistical weight of the lower level, t 1304X86 1X2 and t 1306X03 0X4X
The optical depth at line centre (to the middle of the plane parallel layer) can be found from the absorption coefficient for a q 2000 RAS, MNRAS 313, 423±432 Doppler-broadened line with a full width at half-maximum (FWHM) of Dl. This gives
where b is the Doppler line-broadening parameter Dla2 ln 2 p Y N E aN H is the element abundance relative to hydrogen and N i aN I is the number density of the lower level compared with that of the atom. The element abundances used were omitted from Papers I and II and are given here in Table 7 , together with their source. The column density implied is N H dz . 5X4 Â 10 18 cm 22 X 9
This value is very small compared with that in the chromospheric model between T min and T e 5500 K where the O i lines have their peak emissivity 3 Â 10 23 cm 22 X Although only an order-ofmagnitude estimate, this provides further evidence that the O i and CO lines are not formed in a single-component atmosphere.
It is observed that the lines with a common upper level give relative fluxes that are close to their theoretical optically thin values, and so the CO optical depths must be within an order of magnitude of unity or less. A detailed examination of lines from the v H 9Y J H 8 upper level and their relative opacities shows that the line at 1339.46 A Ê has t . 1X0 and that the line at 1507.09 A Ê has an optical depth smaller than this by a factor of 200. Similar results are obtained for other CO lines. Setting t 1339X46 1Y and measuring the width of the CO lines to be less than 0.085 A Ê , equation (8) can be used to estimate the column density of CO in the line of sight, leading to Dz n CO dz . 1X0 Â 10 17 cm 22 X 10
The value of the fit to F ul /(x uls i us ) at E s 0 gives the value of (n CO I O Dz)/(4Z CO ). Using equation (10) for the column density and Z CO at 2000 K, it is possible to estimate the intensity of the O i (1302.17) line where the excitation of the CO occurs, i.e. I O < 1 Â 10 214 erg cm 22 s 21 A 21 X This value is an order of magnitude lower than the observed peak intensity of the 1302.17-A Ê line (as seen at the Earth) but six orders of magnitude larger than the peak intensity would be at the temperature minimum in the chromospheric model. It is not, however, possible to separate the n CO Dz terms without making a full radiative transfer model of the COforming region. An approximate estimate of n CO can be found by assuming that the thickness of the region is at least an isothermal scaleheight at 2000 K, which is >9Â10 4 km. Then n CO < 1 Â 10 7 cm 23 X
E V I D E N C E O F S H O C K S I N A C O O L AT M O S P H E R E
It is clear that a single-component chromosphere cannot account for the absolute intensities of the CO fluorescent lines or the H 2 fluorescent lines discussed in Paper II. Even if the chromospheric minimum temperature were lower than that in the model, there would be insufficient cool material in close proximity to the exciting O i and H Lyman a emission. Also, the column mass deduced from the O i lines at the place where the CO excitation occurs is five orders of magnitude smaller than occurs in the model between the O i and CO-forming regions. When the value of N H at the peak emissivity of the O i lines 3 Â 10 10 cm 23 is substituted into this column mass, the path length between the region where the O i photons are created and where the CO is excited is only .1800 km.
Other results presented in Papers I and II are also consistent with the conclusion that the radiation fields causing the fluorescence are closer to the pumped atoms/ions than in the model. The O i (uv 2) flux, which reflects pumping by H Lyman b, is calculated to be too small by a factor of 2.5. The total calculated flux in the lines of Fe ii pumped by H Lyman a is too small by a factor of 1.8, and the H Lyman a profile implied by the Fe ii relative intensities is narrower than that calculated using the q 2000 RAS, MNRAS 313, 423±432 Grevesse et al. (1992) Downloaded from https://academic.oup.com/mnras/article-abstract/313/2/423/1084877 by guest on 11 April 2019 model. Although individually these are not large discrepancies, they are all in the same direction. An obvious explanation for the close proximity of the exciting radiation and the molecular material is the passage of shocks through a basically cool atmosphere. Such a model is discussed further below.
First, a spatially inhomogeneous atmosphere analagous to the solar chromosphere is considered. In this picture the model describing the collisionally excited lines could refer mainly to regions that are at the boundaries of supergranulation cells, which may have weak magnetic fields. If, as in the Sun, magnetic fields are concentrated in such regions until, at the level of the photosphere, the magnetic pressure equals the gas pressure, then fields of up to .400 G could be produced and the boundary regions could be heated by magnetohydrodynamic (MHD) shocks. In this model the fluorescent emission would be produced by radiation from the boundaries illuminating surrounding cooler regions. Schwarzschild (1975) estimated that a red giant star would have only about six supergranule cells on a given hemisphere. Although nothing is known about the area covered by the above fields, this is likely to be small. Montesinos & Jordan (1993) found that for main-sequence stars it is this area that appears to depend on the rotation rate and convection zone properties. For a slowly rotating giant like a Tau it seems likely that in such a model the regions producing the collisionally excited lines would be severely restricted in area. As the electron density in the present chromospheric model matches that derived from the C ii intersystem lines, restricting the area would lead to an even more extended atmosphere over the boundaries. This would tend to make it more difficult to satisfy the column density and proximity constraints discussed above. The cell centre regions would need to have the low temperature of a radiative equilibrium model to produce the H 2 and CO molecular fluorescence.
A second type of model could involve acoustic shocks. Ulmschneider (1999) has reviewed recent work in this area. Acoustic waves produced by granular convective motions are expected to develop into shocks as the density decreases above the photosphere. The dissipation of energy in such shocks is the currently favoured source of heating for the non-magnetic components of cool star chromospheres (Ulmschneider 1999; Buchholz et al. 1998; Carlsson & Stein 1995) . However, not all support this view. Judge & Cuntz (1993) made numerical simulations of the effects of acoustic shocks on the C ii intersystem lines in a Tau. They conclude that shocks from granular rather than supergranular motions must be involved, otherwise line fluxes would show changes with time of a magnitude that is not observed. Schwarzschild (1975) estimated that there are about 200 granules on a given hemisphere, with diameters of . 3 Â 10 7 kmX Thus shocks originating from granules would lead to a larger area coverage. The more recent observations of the C ii] lines discussed by Robinson, Carpenter & Brown (1998) do show variations of 10± 40 per cent, depending on how variations in the continuum are interpreted, compatible with the simulations by Judge and Cuntz (1993) for the random sum of 500 granule cells. Although the simulations are not sufficiently detailed to allow comparisons of absolute line fluxes and electron densities, Judge & Cuntz (1993) found that they produce linewidths of only .5 km s 21 and lines blueshifted by .1±2 km s
21
, whereas the observed linewidths are larger and show redshifts (Carpenter et al. 1991) , and from these comparisons they cast doubt on the role of acoustic shocks. The post-COSTAR observations used here give values of these C ii] parameters similar to the earlier ones; a FWHM of 26 km s 21 and a redshift of 4.2 km s
. The main problem with these simulations is that they do not produce temperatures in excess of 7000 K, whereas the observations by Carpenter et al. (1994) show emission from C iv, which in ionization equilibrium is produced at 10 5 K. Buchholz et al. (1998) have also made simulations of the heating of a K5 III atmosphere by monochromatic acoustic waves. Although quite small individual shocks are produced, these can merge to form larger shocks. The temperatures in the post-shock regions provide the traditional chromospheric lines, but the timeaveraged temperature remains almost constant around 3400 K over most of the atmosphere. This is higher than found from the CO lines, but Buchholz et al. (1998) did not include any cooling from molecules. As they point out, a rise in temperature in the outermost layers must occur, because while the radiative losses decrease with density according to r 2 or faster, the shock heating decreases only with r. Whether or not this could produce the C iv emission is not clear from these simulations.
In a series of papers, Carlsson & Stein (1992; 1995; 1997) have studied the effects of shocks on the Ca ii lines in the solar supergranulation cell interiors. They also suggest that shocks can provide the normal chromospheric emission in an atmosphere where the mean temperature steadily decreases, although Ulmschneider (1999) suggests that a different frequency spectrum could give regions similar to a classical chromosphere.
Whether or not the shocks are purely acoustic, this type of model is the most attractive for explaining the full range of observations. If merging shocks are present it is likely that there is at least one shock in the line of sight over most of the stellar surface. The collisionally excited lines would be formed in the hot, post-shock regions. Although the electron densities in the shocks would be higher than in the current chromospheric model, as the simulations by Judge & Cuntz (1993) show, the timeaveraged value observed could match those observed. Locally increased densities would also lead to smaller path lengths. Some of the shocks would need to be passing through a cool radiative equilibrium atmosphere to provide the low temperature required by the CO lines, although others may be passing through preheated regions. A shock could thus produce the exciting radiation for the fluorescence in the surrounding regions, and the low column densities found from the CO and O i lines would be understandable. Similarly, the H Lyman a and b radiation would be in closer proximity to the Fe ii ions and the H 2 molecules, and the O i atoms, respectively. The O i radiation field at the location of the CO fluorescence, found in Section 4.2, is an order of magnitude smaller than the peak emergent flux. This suggests that not all shocks that produce H Lyman b and hence O i emission are surrounded by material sufficiently cool to produce the CO fluorescence. The chromospheric model of Paper I, which is based on collisionally excited lines, would then be a time-and spaceaveraged description of the shocked regions, although the assumption of hydrostatic equilibrium would no longer be appropriate. Although further quantitative simulations are required to account for the observed linewidths and shifts, the combined velocities of different shocks could be one cause of the observed linewidths. The optically thin lines listed in Papers I and II are all observed to have small redshifts of between 1 and 4 km s 21 , apart from the lines of H 2 , which systematically have a small blueshift of .1 km s
. The CO lines in Table 3 on average show no systematic wavelength shift to within^0.01 A Ê .
S U M M A R Y A N D C O N C L U S I O N S
Identifications have been made of individual fluorescent lines of CO in GHRS spectra of a Tau which result from excitation by radiation in the O i (uv 2) resonance lines. The relative intensities of CO lines pumped from different lower levels have been used to determine an excitation temperature of 2015 K. This temperature is lower than the minimum value (2700 K) in the one-dimensional chromospheric model of a Tau derived in Paper I. It is, however, closer to the stellar boundary temperature of a radiative equilibrium model developed by Wiedemann et al. (1994) to reproduce the infrared CO absorption spectrum of a Tau. The model chromosphere derived in Paper I does not produce sufficient flux in the CO lines. The small column density deduced from the implied O i line profiles where the CO pumping occurs rules out fluorescence in a single-component chromosphere.
Any two-component model must contain regions hot enough to produce the collisionally excited lines, such as H Lyman a and those of C iv, and regions at around 2015 K to produce the CO lines. The radiation producing the molecular fluorescence must be in close proximity to the molecules being excited, implying a large temperature difference (>3500 K) over relatively small distances.
Shocks within a cool radiative equilibrium atmosphere could in principle provide the conditions required. The collisionally excited, traditional chromospheric lines would be formed in the shocked regions and the fluorescent lines of O i, Fe ii, H 2 and CO would be formed around at least some of the shocks. The GHRS observations of fluorescence lines in a Tau provide stringent observational constraints that must be matched by future numerical simulations. Although the infrared absorption lines of CO have provided evidence of a two-component atmosphere, the fluorescent lines give new and unique information on the possible arrangement of`hot' and cool material.
CO fluorescence has also been detected in a Boo in spectra obtained with IUE ) and with STIS on the Hubble Space Telescope (Ayres, private communication). Lowresolution IUE spectra of other cool giants such as b Gru (M3 III) (Johansson & Jordan 1984, fig. 2 ) and g Cru (M3.4 III) (Carpenter et al. 1988) also show emission at the wavelengths expected for the groups of CO lines. Thus comparative studies of shocks in different types of giants should be possible in the longer term.
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